Abstract: There are many determinants of vancomycin clearance, but these have not been analyzed separately in populations with different levels of renal function, which could be why some important factors have been missed. The aim of our study was to compare the pharmacokinetic parameters and factors that may affect vancomycin pharmacokinetics in groups of patients with normal renal function and in those with chronic kidney failure. The study used a population pharmacokinetic modeling approach, based on plasma vancomycin concentrations and other data from 78 patients with chronic kidney failure and 32 patients with normal renal function. The model was developed using NONMEM software and validated by bootstrapping. The final model for patients with impaired kidney function was described by the following equation: CL (L/h) = 0.284 + 0.000596 x DD + 0.00194 x AST, and that for the patients with normal kidney function by: CL (L/h) = 0.0727 + 0.205 x FIB. If our results are confirmed by new studies on two similar populations, these factors could be considered when dosing vancomycin in patients with chronically damaged kidneys, as well as in patients with normal kidneys who frequently require high doses of vancomycin.
Introduction
Vancomycin is a hydrophilic antibiotic of the glycopeptide class that cannot pass cell membranes by simple diffusion [1] ; therefore, it has to be administered intravenously to achieve systemic action. After intravenous administration it is distributed in extracellular space with an apparent volume of distribution of 0.4-1 L/kg. Approximately 10% to 50% of the drug in plasma is bound to albumin [1, 2] . Inflammation increases penetration of vancomycin to the central nervous system, resulting in increased interstitial fluid concentrations (e.g., from 0-3.45 mg/L in brain tissue of healthy adults to 6.4-11.1 mg/L in the brain of patients with meningitis) [3] . About 80%-90% of a vancomycin dose is excreted in urine as the unchanged drug; its clearance is about 2.64 l/h [4] .
A number of studies describe the pharmacokinetics (PK) of vancomycin and factors that influence its pharmacokinetics. The study conducted in Spain suggested that clearance of creatinine and mechanical ventilation are related to vancomycin clearance [5] . Another study by Chinese authors discovered that serum creatinine and albumin infusion were significant covariates of vancomycin clearance [6] . Interestingly, patients with hemorrhagic stroke had higher values of vancomycin clearance [7] . Renal function was identified as an important determinant of vancomycin clearance in several other studies, but only in some studies it was observed that declining creatinine clearance with old age contributed to decreased vancomycin clearance [8] . However, determinants of vancomycin clearance were not analyzed separately in populations with different levels of renal function, which could be why some important factors could have been missed. The aim of our study was to compare the pharmacokinetic parameters and factors that may affect vancomycin pharmacokinetics in groups of patients with normal and those with mild/moderately impaired renal function.
Methods

Patients and data
The study took place at Clinical Center Kragujevac, Serbia, a tertiary care health facility with 1,200 beds, and was conducted from March 1 st , 2016 until October 31 st , 2017. The two groups of study patients comprised those with normal renal function (n = 32) and those with mild to moderate chronic renal failure (n = 78). Demographic and other characteristics in the study groups are shown in Table 1 . The inclusion criteria were: age over 18 years, normal kidney function (Clcr≥90ml/min) or mild to moderate kidney failure (Clcr from 30 to 89 ml/min); and intravenous administration of vancomycin for at least 3 days without changes in the daily dose. Patients excluded were those with severe kidney failure (Clcr < 30 ml/min, those on dialysis; those younger than 18 years; those who received vancomycin for fewer than 3 days, and those who received vancomycin orally. All patients were prescribed intravenous infusion of vancomycin by their physicians independently from the study investigators, including determination of dose. Vancomycin was measured in serum samples taken from the patients at various time points during the dosing interval, but always after five dose intervals, i.e., after a steady-state was established. Serum concentrations of vancomycin were measured by immunoassay on Cobas ® e601 analyzers (Roche Diagnostics, Mannheim, Germany), according to the manufacturer's instructions. In the group of patients with normal kidney function, 27 serum concentrations were recorded and 5 blood samples were taken 1h to 3h after administration. In the group of patients with kidney failure, 57 blood samples were taken before the drug administration and 21 blood samples were taken 1h to 3 h after administration. The study protocol was approved by the Ethics Committee of the Clinical Center Kragujevac (N 0 01-1267); informed written consent was obtained from all participants before the study procedures were undertaken. Principles of the Helsinki Declaration concerning protection of human subjects in clinical trials were strictly followed during the study.
The patients' data were collected from their histories; these data included records related to patient demographic characteristics (body weight, age, and sex); values of laboratory tests (creatinine clearance, serum albumin, total bilirubin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), C-reactive protein (CRP), fibrinogen (FB), pro-brain natriuretic peptide (proBNP)); and clinical data (length of vancomycin administration, presence of sepsis, and concomitant medication).
Population pharmacokinetics analysis
The data were analyzed separately for the two study groups, using NONMEM software version 7.3.0 (Icon Development Solution, MD,) with the FOCE (first-order conditional estimation) approach with interaction between parameters integrated in our population pharmacokinetics (PPK) modeling [9] . We evaluated two structural models (one-compartment and two-compartment) in accordance with the literature data related to vancomycin pharmacokinetics. The base model was selected based on the range of the minimum objective function (defined as -2 multiplied by the log-likelihood -MOF) and by visual inspection of diagnostic plots. Subroutines ADVAN3 and TRANS4 were used in a two-compartment model to describe pharmacokinetics of vancomycin and its clearance fromthe central compartment. Our model assumed normal distribution of the individual pharmacokinetic parameters. At this phase of the study, we also investigated different models of error to report for both inter-individual and residual variability. The inter-individual variability was tested using additive and exponential error models, whereas residual variability was tested using an additive, exponential, constant coefficient of variation (CCV) and combined (additive and CCV) error models.
The following demographic, clinical, and laboratory test data were collected for evaluation as potential covariates: total body weight (TBW), age and sex of patients, length of vancomycin administration, presence of sepsis, polytrauma, total daily dose of vancomycin, creatinine clearance, serum albumin, total bilirubin, AST, ALT, CRP, fibrinogen, proBNP and co-medication with colistin (COL), furosemide (FUR), piperacillin /tazobactam (PT), nonsteroidal anti-inflammatory drugs (NSAIDs), heparin (HEP) and angiotensin-converting enzyme (ACE) inhibitors. All continuous variables examined in the study were not parameterized. The covariate model was built in stepwise manner where each covariate was added one at a time in a linear or nonlinear manner. To estimate whether a covariate had significant influence on vancomycin clearance, we used change in the MOF values and visual inspection of plotsin comparison to the base model. The decrease in the MOF produced by inclusion of a covariate for at least 3.84 (p<0.05, d.f.=1) and also improvements of the plots were main criteria for inclusion of a covariate in the full model. The full model was created by placing all significant covariates at the same time. This model was further tested by the backward deletion process for each covariate, one at a time, to obtain the final model. An increase in the MOF of at least 6.64 (p<0.01, d.f.=1) was used as the main criterion for retaining a significant covariate in the final model.
To validate the derived population pharmacokinetics (PPK) model and estimate its predictive performance, we applied a bootstrapping analysis. This non-parametric method is a re-sampling technique that includes large number of data replications (several hundreds or thousands) with replacement from the index set using individual patients as the sampling unit. Each of the bootstrap data sets was fitted to the final model to obtain the bootstrap estimated values of pharmacokinetic parameters, and their variability was tested using NONMEM software. The mean values of estimated PK parameters and 2.5th-97.5th percentile of the bootstrap data set were compared to the final pharmacokinetic parameter estimates.
Statistics
Primary data were described by measures of central tendency (mean) and dispersion (standard deviation and range). Estimates of the model coefficients were calculated and presented as means with 95% confidence intervals (± 1.96 x standard error of the estimate). For estimates obtained by bootstrap analysis, 2.5% and 97.5% percentiles were also calculated and presented. All calculations were performed by SPSS for Windows, version 18. Differences between groups were measured by nonparametric tests.
Results
The baseline demographic, laboratory, and clinical data of the study groups are shown in Table 1 . Mean values of total body weight were similar (78.52kg and 81.37kg) for patients in both groups (Мann-Whitney U Test, p>0.05), whereas the mean value for age was higher in the group with impaired renal function (67.00 versus 59.15years) (Мann-Whitney U Test, p<0,05). Vancomycin was administered intravenouslyto all patients, but the length of drug administration and its mean daily dose were different between the groups. Patients with impaired renal function were receiving lower daily doses of vancomycin (1.65±0.54g/ day) for longer time periods (up to 23 days) compared to patients with normal renal function(Мann-Whitney U Test, p<0,05). A two-compartment model best described serum vancomycin concentration-time data in the base data set. Analysis of various types of error showed that an exponential model best described the inter-individual variability, whereas an additive error type was more appropriate for residual error in both base models. The estimated typical population clearance of vancomycin was lower in the patients with normal renal function (0.655 L/h) compared to the patients with impaired renal function (1.31 L/h). In the base models, the central volume of distribution was 3-times larger in the group with renal impairment (22.7L vs. 7.12L). Inter-individual variability and residual variability were expressed as the coefficient of variation (%). The group with normal renal function had values of 37.41% and 22.64% for inter-individual and residual variability of vancomycin clearance, respectively. Inter-individual and residual variability of the drug clearance were 57.65% and 22.64% in the patients with impaired renal function, respectively.
The effects of in total twenty-four covariates on PK parameters were explored in the base models of both groups, with one covariate more (presence of polytrauma) in patients with normal renal function ( Table 1) . The full PPK model of vancomycin clearance had four significant covariates (fibrinogen, presence of polytrauma, creatinine clearance estimated by CKDepi, MDRD) in the group of patients with normal renal function, and three significant covariates in patients with mild-to-moderate renal failure: a daily dose of vancomycin, aspartate aminotransferase, and co-medication with aminoglycoside antibiotics. However, after backward deletion, only three covariates remained as significant determinants of vancomycin clearance in both groups: Estimates of parameters in the final models are shown in the Tables 2 and 3 . The final models led to reduction of objective function values for 9.517 and 43.247 units in comparison to the base models of vancomycin clearance in groups with normal and impaired renal functions, respectively. Moreover, decrease of variability was recorded in the final models. Inter-individual and residual variabil-ity were 24.65% and 22.64%, respectively, in the group of patients with normal renal function. Conversely, inter-individual variability was 38.02% and residual variability 21.45% in patients with impaired renal function. Two hundred bootstrap runs were included in the bootstrap analysis for validation purposes. Tables 2 and 3 show summaries of parameter estimates and their 95% confidence intervals for the final PPK models. Mean values of parameter estimates using the bootstrap method were comparable with the values obtained from the original NONMEM analysis, indicating accuracy and stability of the models.
Discussion
Our study showed difference in factors affecting clearance of vancomycin among patients both with normal and reduced renal function. Main determinants of vancomycin clearance in patients with normal renal function were levels of fibrinogen in plasma, whereas elimination of the same drug in patients with mild or moderate chronic kidney failure was influenced by daily dose and serum levels of AST. Although serum values of AST and ALT in our patients with chronic renal failure were within the normal limits in most cases (mean AST and ALT values were above the upper limit of normal values in only 6.7% of patient), the actual level of AST was linked with extent of vancomycin clearance. It has recently been shown that reduced serum aminotransferase levels (within the normal limits) were proportional to the decrease of the glomerular filtration rate in chronic kidney disease patients [10] , which might explain why the opposite was observed in our study: AST levels were associated with elevated vancomycin clearance in the final model.
Higher doses of vancomycin were associated with larger clearance of vancomycin and lower trough-serum concentration of vancomycin in our study. This result is not the first one reported, as complex relationship between vancomycin dose and mode of administration on one side, and its plasma concentrations and clearance on the other side has been observed in many studies [11] . Campassi et al. demonstrated that patients with augmented renal clearance had lower serum concentrations of vancomycin during the first days of therapy despite higher doses, and none of the patients reached therapeutic levels on the first day of therapy [12] . Some authors have proposed that increased loading doses and higher dose frequencies or continuous infusions are necessary to achieve higher success rates [13] . On the other hand, vancomycin serum concentrations during the first days of therapy will also depend on creatinine clearance, and low creatinine clearance levels can result in supratherapeutic vancomycin concentrations [14] . One of the possible explanations of the relationship between higher doses of vancomycin and its larger clearance could be reduced reabsorption of vancomycin from ultra-filtrate resulting from the tubular toxicity of this drug. Indeed, necrosis of tubular cells has been confirmed in histological studies of kidney biopsies taken from the patients who experienced vancomycin-induced renal toxicity, and vancomycin is both secreted and reabsorbed by renal tubular cells [15, 16] . In addition, a correlation between daily doses of vancomycin and renal toxicity was demonstrated when some authors used daily doses up to 4 grams [11] . There are many reports about increased clearance of hydrophilic antibiotics like vancomycin in patients with sepsis, provided that renal function remains unaffected by complications of the infection itself [17] . Increased heart output and hyperkinetic circulation increase perfusion of kidneys, elevating the glomerular filtration rate and bringing a greater number of drug molecules to the tubule lumen; if a molecule of an antibiotic is hydrophilic, it could not be reabsorbed and will be excreted in the urine. Therefore, it is not surprising that plasma levels of fibrinogen, which is elevated in infection [18] , are associated with clearance of vancomycin (which is a hydrophilic drug)-i.e., increased fibrinogen levels and increased vancomycin clearance go together. Indeed, the mean serum level of C-reactive protein, another marker of sepsis, was above 100 mg/l in patients with normal renal function (104.91±85.88 [SE] mg/l). Although sepsis was present in our patients with renal failure as well (mean CRP 95.4 ± 9.2 [SE] mg/l), their vancomycin clearance remained unaffected by its extent (fibrinogen did not enter final model), as increased renal perfusion could not result with large enough increasein the glomerular filtration rate.
Authors in Thailand have found a relationship between creatinine and vancomycin clearance [19] . Similar results were also described by authors in other countries [20] [21] [22] . We did not observe this relationship in our patients; furthermore, other studies supported our observation [23, 24] . The existence of a nonrenal mechanism for vancomycin elimination may explain the relatively high values of vancomycin clearances observed in patients with compromised renal function. Hepatic conjugation of vancomycin would seem the most possible nonrenal route of excretion. The vancomycin particle has a molecular weight of 1,450 and has structural chemical groups for essential conjugation with other compounds [25] . Some authors have reported measurable vancomycin concentrations in the bile after intravenous administration of vancomycin, which also supports the possibility of an extrarenal path for vancomycin elimination [26] .
In some earlier pharmacokinetic studies, it was suggested that patients with malignancy had increased clearance of vancomycin [25] . Conversely, other authors reported that patients with acute myeloid leukemia had lower clearance of vancomycin [26] . It was also noted that body weight may affect clearance of vancomycin, as an increase in weight was related to higher values of both clearance and volume of distribution [27, 28] . Finally, some authors showed that furosemide may influence van- comycin clearance, whereas others concluded that concomitant drugs had no influence on clearance [29, 21] . The main limitations of our study are the relatively small number of patients, and only one measurement of vancomycin concentration per patient. This could be a reason why so many covariates with significant influence after univariate analyses were eliminated in the backward deletion phase, indicating a wider array of influences on vancomycin clearance than we were unable to demonstrate.
Conclusion
In conclusion, our study generates the hypothesis that elimination of vancomycin is dependent on different covariates in patients with normal renal function and mild-to-moderate chronic kidney failure. Clearance of vancomycin in patients with chronically impaired kidney function was positively correlated with the administered daily dose of that drug and significantly increased by serum level of AST. Clearance of vancomycin in patients with normal kidney function was increased in patients with higher levels of fibrinogen. If our hypothesis is confirmed by future studies using two similar but larger populations, when dosing vancomycin, clinicians should account for the differences between the populations in factors that have influence on clearance of this drug.
